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ABSTRAGT 

We present the deepest optical photometry for any dwarf elliptical (dE) galaxy based on Hubble Space 
Telescope AGS observations of the Local Group dE galaxies NGG 147 and NGC 185. The resulting 
F606W and F814W color-magnitude diagrams are the first to reach below the main sequence turnoff 
in a dE galaxy, allowing us to determine full star formation histories in these systems. The ACS fields 
are located ^1.5 effective radii from the galaxy center to avoid photometric crowding. While our ACS 
pointings in both dEs show unambiguous evidence for old and intermediate age stars, the mean age 
in NGC 147 is ~ 4 Gyr younger as compared to NGC 185. In NGC 147, only 40% of stars were in 
place 12.5 Gyr ago (z~5), with the bulk of the remaining stellar population forming between 5 to 
7 Gyr. In contrast, 70% of stars were formed in NGG 185 held more than 12.5 Gyr ago, with the 
majority of the remaining population forming between 8 to 10 Gyr. Star formation ceased in our AGS 
helds in both dEs at least 3 Gyr ago. Previous observations in the central regions of NGC 185 show 
evidence for star formation as recent as 100 Myr ago and a strong metallicity gradient with radius. 
We suggest that the orbit of NGC 185 has a larger pericenter as compared to NGC 147, allowing it 
to preserve radial gradients and maintain a small central reservoir of recycled gas. We interpret the 
inferred differences in star formation histories to imply an earlier infall time into the M31 environment 
for NGC 185 as compared to NGC 147. 

Subject headings: galaxies: dwarf — galaxies: stellar content — galaxies: individual (NGC 147, 
NGC 185) 


1. INTRODUCTION 

Dwarf elliptical (dE) galaxies are primarily, if not ex- 
clusivel y, found in galaxy cluster and group environ¬ 
ments (IBiiiggeli et al.l 1198^ iFerguson fc Sandaed Il99ll : 
iGeha et al.ll2012lh Environment-driven processes must 
play an important role in dE formation and evolution 


fe.EC.-IMoore et al.l 

1998|; 

Mastrouietro et alJI2005l: IMaved 

120101: ILisker et al. 

"Ims 

). However, no single process 


or formation mechanism can yet ex plain the observed 
diversity of dE morphologies (e.g., iLisker et al.l 2009 : 
Janz_et_ffl L2012D o r kinematics (e.g., Geha et ^ 12002 ; 
yan Zee et al.l 1200^ iToloba et al.l 12014 1. Star formation 
histories are an important tool in understanding the dE 
galaxy class and proyide insight into the assembly of 
galaxies in dense enyironments. 

Stellar population studies in the nearby Virgo and For¬ 
nax galaxy clusters reveal a mixture of old to inter¬ 
mediate age stars in dE galaxies, and intrinsic differ- 
enc es in the age and/or metallicity of individual galax¬ 
ies (IGeha et al.l 120031 : iMichielsen et al.l 120081 : iRvi et aH 
1201311 . These studies are based on either integrated 
spectral line widths or narrow band imaging and cannot 
therefore determine the exact ratio of old to intermediate 

® Astronomy Department, Yale University, New Haven, 
CT 06520. marla.geha@yale.edu 

^ Astronomy Department, Box 351580, University of Wash¬ 
ington, Seattle, WA 
® Hubble Fellow 

^ Department of Physics & Astronomy, Louisiana State Uni¬ 
versity, Baton Rouge, LA 70803 

® Raytheon, 1151 E. Hermans Road, Tucson, AZ 85756, USA 
® Space Telescope Science Institute, 3700 San Martin Drive, 
Baltimore, MD 21218 

^UCO/Lick Observatory, University of California, Santa 
Cruz, 1156 High Street, Santa Cruz, CA 95064. 


stars, nor reconstruct detailed star formation histories. 
The Local Group dEs share the same br oad properties 
as galaxy cluster dEs l|Bender et al.lll99'Tll . yet are suffi¬ 
ciently nearby that individual stars can be resolved below 
the main sequence turn-off, allowing for more unambigu¬ 
ous stellar population estimates in these systems. 

The Local Group contains three dE galaxies: NGC 205, 
NGC 147 and NGC 185, all satellites of the large spiral 
galaxy M31. A fourth bright satellite, M32, is far more 
compact and likely has a very different formation path 
(|Moiiachesi et al.ll2012D . Of the three dEs, NGC 205 is 
close in projection to the M 31 disk, and contamination 
from M31 stars complicates stellar population work in 
this object (|Choi et al.ll2002ll . The stellar populations of 
NGC 147 and NGC 185 are more amenable to study. RR 
Lyrae stars are detected in both NGC 1 47 and NGC 185 
indicative of stars older than 10 Gyr (|Saha fc Hoessell 
119901 : 1 Yang fc Saraiediiiil 1201011 . AGB carbon stars are 
also observed in both dEs, typical of more intermedi¬ 
ate age stars (iBattinelli &: DernersI 12004 iDavidgd 120051 : 
ISohn et ‘aTI I2006ll . Each of these galax ies hosts its own 
syste m of associated globular clusters (|Velianoski et al.l 

[20ill . 

NGC 147 and NGC 185 share fundamental prop- 
erties, such as abs olute luminosity {My ^ —16; 

Crnoievic et al.ll2014ll and velocity dispersion (25 km/s; 
Geha et al. 1120101). However, they differ in many as¬ 
pects. NGC 185 contains some gas, dust and evi¬ 
dence for recent star formation confined to its center, 
while NGC 147 is devoid of gas or dus t and shows 
no si g n of recent star form ation activity (|Young fc Lol 
ITMtI: IMarleauet all IMoll . H6'r/WFPC2 images of 
both galaxies also imply the presence of intermediate- 
age stars, with NGC 147 having a more significant con- 
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Fig. 1. — Digital Sky Survey images of the Local Group dE galaxies, NGC 147 (left) and NGC 185 {right}. The ACS pointings discussed 
in this paper are shown in red. WFC3 pointings taken in parallel with the ACS data are shown in blue and will be analyzed in a future 
paper. Archival i7S'T/WFPC2 pointings are shown in green. Images are 30^ X 30^; North is up, East is to the left. 


tribution than NGC 185 based on stars brighter than 
the main sequen ce (|Butler fc Martmez-Delgadol 120051 : 
IWeisz et al.ll2014h . Spectroscopic metallicities show an 
overall more metal-rich population in NGC 147, [Fe/H] = 
—O.SibO.l as compa red to NGC 185 of [Fe/H] = —0.9±0.1 
([Vargas et al.ll20l3l . Only NGC 185 shows evidence for 
a meta llicity gradient, becoming more metal-po or with 
radius (IVargas et al.ll201^ ICrnoievic et al.ll2014ll 

NGC 147 and NGC 185 are very close in projection 
on the sky (58'), leadin g some to argue tha t they may 
be a bound galaxy pair (Ivan den BerghlflQQSll . However, 
kinematic eviden ce suggests that these may not be grav i- 
tationally bound (IGeha et al.ll201CII : IWatkins et al.ll2013ll . 
Furthermore, deep photometry from the Pan-Andromeda 
Archaeological Survey (PAndAs) has uncovered isopho- 
tal twisting at large radius due to the emergence of sym¬ 
metric tidal tails in NGC 147, which is not see n to sim¬ 
ilar depths in NGC 185 (iCrnoievic et al.l[2014H . further 
suggesting these two objects have independent formation 
paths. 

In this paper, we present deep Hubble Space Telescope 
(HST) Advanced Camera for Surveys (ACS) imaging for 
NGC 147 and NGC 185. These are the only two dE 
galaxies for which HST can cleanly resolve stars below 
the main sequence turnoff region and thus directly mea¬ 
sure their star formation histories. The paper is orga¬ 
nized as follows: in §|2]we discuss the HST observations 
and data reduction. We first compare the resulting color- 
magnitude diagrams to single stellar population models 
(M, and then compute full star formation histories 
1S I3.3I1 . In §111 we discuss our results in the context of dE 
galaxy formation. 

2. DATA 

2.1. Image Reduction and Photometry 

The HST/ACS observations were taken for NGC 147 
between 2009 November-December, and for NGC 185 
between 2010 January-February (HST GO-11724; PI: 
Geha). We note that this project was first approved as 
HST-GO-I0794 (PI: Geha), but was not completed un¬ 


der this program number after the 2007 ACS failure. Our 
post-servicing mission ACS fields were chosen to avoid 
crowding while ensuring a well-populated CMD in the 
F606W (broad V) and F814W (!) filters, corresponding 
to a surface brightness of p-y ~ 26 magarcsec"^. The 
exact field locations were chosen to avoid bright fore¬ 
ground stars at this radius. Parallel WFC3 observations 
were taken as part of this program. A quick reduction of 
the WFC3 fields suggest a much sparser stellar density 
as expected, but similar stellar populations as the pri¬ 
mary ACS fields; these data will be analyzed in a future 
contribution. 

The ACS fields are located roughly along the major 
axis of each galaxy (Figured]), at 8.6' (1.8kpc) and 6.7' 
(1.2 kpc) from the galaxy center for NGC 147 and NGC 
185, respectively . Usin g the effective radii determined by 
ICrnoievic et al.l (|2014| ) via deep CFHT/PAndAs imag¬ 
ing, this corresponds to 1.3 and 2.3 effective radii from 
each galaxy center. 

The combined ACS exposure times were 82280 s 
(23 hours) for NGC 147 and 62598 s (17 hours) for 
NGC 185. Individual exposures were well dithered to 
fill in the gap between the two ACS chips and improve 
the point-spread function (PSF). Short 30-second expo¬ 
sures were taken as part of the program, but were not 
included in our reduced image stacks as bright stars are 
not the focus of this paper (individual long exposures 
saturate brighter than V ~ 20). The ACS field centers 
and total exposure times are listed in Table 1. The lo¬ 
cation of all fields, including parallel WFC3 and archival 
WFPC2 pointings, are shown in Figure |TJ 

Our ACS images were processed through the HST 
archive on-the-fly reprocessing system using the most up- 
to-date calibration frames. The images were corrected 
for CCD char ge transfer efficiency losse s following the 
prescription in lAnderson fc BediiJ (|2010t) . We then co¬ 
added the images into a single image per field per filter 
using the MULTIDRIZZLE software ( Fruchter fc Sose^ 
l2009fl . which also corrects for geometric distortion and 
removes bad pixels and cosmic rays. Due to the multiply 
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Fig. 2. — Color-magnitude diagrams based on HST/ACS data for NGC 147 (left) and NGC 185 (right). One sigma error bars are 
indicated to the right of each CMD. Red symbols show the position of member stars in each ACS field with Keck/DEIMOS spectroscopic 
metallicity measurements. While initially these two CMDs appear similar, closer inspection shows differences in the Red Clump (RC), 
horizontal branch and main sequence turnoff regions. 


dithered images, the ACS images were resampled to a 
final pixel size of 0.04" (0.8 times the native plate scale). 

PSF-fitting photometry was pe rformed using the 
DAOPHOT/ALLSTAR II package (IStetsonl ITo^ . To 
create the PSF model we chose > 400 stars with good 
spatial coverage in each filter for each galaxy. Nearby 
neighbors were subtracted from around the PSF stars 
and the cleaned stars were then used to make the final 
PSFs. To find faint stars, we performed a single iteration 
of fitting the known stars, subtracting them from the im¬ 
ages and using this image to search for faint companions. 
We then re-performed the PSF fitting photometry on the 
entire original image using the updated catalog. Stars 
were selected if they were found in both filters within a 
matching radius of 0.5 pixels and passed the following cri¬ 
teria: crF 606 .F 8 i 4 < 0.15 mag, < 3 and abs(sharpness) 
< 0.65. The number of stars in each field is listed in Ta¬ 
ble 1. Instrumental magnitudes were converted into the 
ACS VEGAniag sys tem using the procedure outlined by 
iSirianni et alJ (1200511 . but with updated ACS zeropoints 
(lBohlinll200fll . 

Artificial star tests were performed by adding a total 
of a half million artificial stars in each image stack. Ar¬ 
tificial stars were spread evenly across the full frame and 
spaced such that they were separated from each other 
by at least twice the PSF radius. PSF fitting photome¬ 
try was then performed on the entire frames, measuring 
both the real and artificial stars, using the same steps as 
above. Artificial stars were recovered if they passed the 
same photometric criteria above. The 50% completeness 


levels are F606W = 29.05 and 28.95 mag, and F814W = 
28.35 and 28.25 mag for NGC 147 and NGC 185, respec¬ 
tively. 

Contamination from either foreground Milky Way 
stars or stars associated with the M 31 halo is expected 
to be minimal in our AC S fields. Using th e Besangon 
model of the Milky Way (jRobin et al.ll2003ll . we calcu¬ 
late there are ~ 40 Milky Way stars contained within 
each ACS field-of-view in the magnitude and color range 
F814W= 22 - 28 and (F606W-F814W)< 1.5. This is 
negligible compared to the hundreds of thousands of 
stars detected in each dE galaxy (see Table 1). For 
the model fitting in (1 13.31 we do account for Milky Way 
foreground co n tamin ation using the empirical models of 
Ide Jong et al.l (|2010r ). The contamination from M31 
stars at a projected radius of 7° or 100 kpc is less than 
that from the Milky Way foregrounds and we do not ac¬ 
count for this in the models. 

The resulting HST ACS CMDs are shown for NGC 147 
and NGC 185 in Figure [S] We plot one sigma errors as 
a function of magnitude. These represent the deepest 
CMDs for any dE galaxy and are the first observations 
of dE galaxy stars below the main sequence turnoff. 

2.2. Distances and Spectroscopic Metallicities 

Given the extremely small photometric errors in our 
data, we chose to re-determine the distance of NGC 147 
and NGC 185 using the HST/ACS data itself via the Tip 
of the Red Giant Branch (TRGB) method. The TRGB 
acts as a discontinuity in the stellar luminosity function, 
the position of which is easily measured. We measure 
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Fig. 3. — As a first comparison of the SFHs, we compare the observed distribution of stars near the Red Clump with single isochrone 
models. The red clump region of the CMD is shown inside the red box of Figure [2] The peak of this distribution in absolute magnitude 
{left) occurs 0.1 magnitudes brighter for NGC 147 (red) as compared to NGC 185 (blue). Comparing to isochrone predictions (right) for a 
range of metallities ([Fe/H] between —0.4 to —1.4), this implies a younger mean age for NGC 147. 


the TRGB using the softw are develop e d by one of us 
(R.P.v.d.M.) and detailed in iCioni et alJ (1200011 . The dis¬ 
tance modulus for NGC 147 is {m — M)o = 24.30 ± 0.05 
(724 ± 27 kpc) and NGC 185 is (m - M)o = 24.02 ± 0.08 
(636±26kpc). These are slightly furt her, but well withi n 
the 1-cr errors, of those determined bv iConn et al.l (1201211. 
We as sume a distance to M 31 of 779 kpc from iConn et al.l 
(|2012ll . This places NGC 147 and NGC 185 at distances 
165 and 210 kpc away from their parent galaxy M31, re¬ 
spectively. We adopt extinction valu es for NGC 147 and 
NGC 185 from ISchlege! et a, 1.1 (fT^ of E(B-V) = 0.161 
and 0.195. 

Spectroscopic metallicities for stars in the ACS fields 
were obtained as p yt of a larger Keck/DEIMOS study of 
Local Group d Es (jCeha et al.l 120101 : iVargas et al.1 12014 
IHo et al.ll2015ll . We use these spectroscopic metallicities 
to guide our single stellar population analysis in (1 13. II 
The Keck sample includes 37 member stars within our 
ACS field-of-view in NGC 147, and 30 member stars in 
the NGC 185 ACS field. Members are identified as hav¬ 
ing colors, magnitudes and radial velocities consistent 
with each galaxy. Spectroscopic metallicities ([Fe/H]) of 
individual RGB stars were det ermined using the sp ectral 
synthesis method described in IVargas et al.l (120141) . The 
mean metallicity within each ACS field is < [Fe/H] >= 
-0.5 ± 0.1 for NGC 147 and < [Fe/H] >= -1.0 ± 0.1 
for NGC 185, comparable to the means of each full sam¬ 
ple. While the error on the mean is small, there is sig¬ 
nificant internal scatter of 0.5 dex in each field. While 
the analysis below assumes solar alpha-abundance ra¬ 
tios, we note that the measured alpha-abundances are 
slightly enhanced at [a/Fe] = 0 .3 ± 0.1 in NGC 14 7 and 
[a/Fe] = 0.1 ± 0.1 in NGC185 (IVargas et ahllMl . 

3. RESULTS 

In Figure [H the HST/AGS CMDs for NGC 147 and 
NGC 185 appear similar at first glance, yet clear dif¬ 
ferences emerge on closer inspection. Focusing first on 
the position of stars which have evolved off the main se¬ 
quence, NGC 147 has a strong Red Clump (RC), while 


stars in the same evolutionary state in NGC 185 are in¬ 
stead distributed equally between the RC and a bluer 
horizontal branch, consistent with a lower average metal¬ 
licity in NGC 185. Also seen in the CMDs of Figure [2] 
is the larger number of stars bluer and brighter than 
the main sequence turnoff in NGC 147 as compared to 
NGC 185. While some fr action of these star s are most 
likely blue straggler stars ([Santana et al.ll20T^ , this does 
suggest the presence of a younger population in NGC 147 
as compared to NGC 185. Based on this visual inspec¬ 
tion alone, we conclude that the star formation histories 
of these two dEs are different. Below, we quantify this 
statement via both simple comparison to single popula¬ 
tion isochrones (D and CMD fitting to determine the 
full star formation histories (§[331). 

3.1. Simple Constraints on the Distribution of Stellar 

Ages 

Before modeling the inferred star formation histories 
from the full CMDs, we first compare the data to sin¬ 
gle stellar population isochrones to build a basic under- 
standing of these data. W e use the Padova isochrones 
([Cirardi et al.ll2?i?)^ I201fll l generated in the HST ACS 
filters with solar abundance ratios. 

We focus on the relative ages of NGC 147 and NGC 185 
by comparing stars in the Red Clump (RC). The loca¬ 
tion of the RC is shown in Figure [2l For metallicities 
more metal-poor than ^ —0.5 dex, the F814W (roughly 
/-band) luminosity of the RC is largely dominated by age 
effects. In the left panel of Figure^ we plot the F814W 
luminosity functions of RC stars in NGC 147 (red) and 
NGC 185 (blue). NGC 147’s median RC magnitude is 
marked by the red dotted vertical line, while the blue 
dashed line marks NGC 185’s RC magnitude. In the 
right panel of Figure [3] we compare the median RC lumi¬ 
nosity to the values predicted for single age/metallicity 
stellar populations. These values were determined using 
the same RC boxes as the observations. 

Spectroscopic abundances for NGC 147 and NGC 185 
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Fig. 4. — Left panels: The observed Hess diagrams for NGC 185 (top) and NGC 147 {bottom). Overplotted are Padova isochrones with 
[Fe/H] = —2 (green), —1 (blue) and 0.0 dex (red) for ages of 2, 8 and 12Gyr. {Right panels:) The best fitting model star formation histories 
as determined using MATCH. The region above and to the left of the orange boundaries are not used in the CMD fitting. 


are [Fe/H] = —0.5 and —1.0, respectively ili l2.2L thus we 
can use the RC to determine the relative ages of the two 
galaxies. The dominant RC population in NGC 147 has 
an age of ~ 7Gyr, while NGC 185’s is ~11 Gyr old. This 
makes NGC 185 about 4 Gyr older. This is in agreement 
with the full SFHs discussed in §[33] and serves an as 
independent check of those result, as the full SFHs are 
determined without including this region of the CMD. 

In the left panels of Figure HI we overplot onto the 
CMD Hess diagrams representative isochrones spanning 
a wide range of metallicities ([Fe/H] = 0,-1 and — 2). 
For the best fitting set of isochrones which fits the red 
giant branch (blue lines for both dEs), the bulk of main 
sequence turn-off stars lie between the 2 and 8 Gyr tracks 
for NGC 147, while these stars primarily lie between the 
8 to 12 Gyr tracks for NGC 185. Finally, if all of the 
stars bluer and brighter than the main sequence turnoff 
are interpreted as young stars (some fraction must be 
older blue straggler stars), than this population is likely 


not younger then ~ 2 Gyrs. We explore this in more 
detail below. 

3.2. Measuring Full Star Formation Ffistories 

We measure the full SFHs o f both galaxies using the 
CMD fitting package MATCH (|DolDhiTill200l) . MATCH 
constructs a set of synthetic simple stellar popula¬ 
tions which are linearly combined and added to a 
m odel foreground popu lation from the empirical model 
in Ide Jong et al.l (I2010D to form a composite synthetic 
CMD. This CMD is then convolved with results from 
artificial star tests. The models and observed CMDs 
are compared using a Poisson likelihood statistic. The 
SFH that corresponds to the best matched synthetic 
CMD is the most likely SFH of the observed popula¬ 
tion. The fi tting of these CMDs uses the Padova stel¬ 
lar models (iGirardi et al.l 200^J201^ and follows the 
fitting methodology from iWeisz et al.l (120141) . We as¬ 
sume a Kroupa IMF, solar-scaled isochrones and the 
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Fig. 5.— Cumulative SFHs for NGC 147 (left) and NGC 185 (right) from the best-fitting SFHs models shown in Figure[4] The shaded 
envelope reflects the 68% confidence interval around the best fit SFH. The dotted line indicates a constant star formation rate over the 
lifetime of the galaxy. While the NGC 185 field is primarily old, the bulk of stars in NGC 147 formed between 5-7 Gyr ago. 


distances/reddening stated in S I2.2I We exclude the 
red clump and horizontal branch regions from the fit 
in order to mitigate the contribution of these rela¬ 
tively less certain phases of s tellar evolution to the 
SFH (lAparicio fc Hidafg^ 120090 . The excluded region 
is shown above and to the left of the orange dashed lines 
in Figure m 

Uncertainties in the SFHs reflect the 68% confidence 
interval around the best fit SFH due to both random un¬ 
certainties (from a finite number of stars on the CMD) 
and systematic uncertainties (due to uncertain physics 
in the underlying stellar models). In both our ACS 
datasets, systemati c errors d omina te over random. We 
refer the reader to iDolohinl (1201211 for a full discussion 
of systematic uncertainties and iDolphinI (1201311 for a de¬ 
tailed description of random uncertainties in SFH mea¬ 
surements. 

3.3. Full SFH Results 

The best-fitting MATCH CMD models are compared 
to the observed Hess diagrams in Figure SI The cumula¬ 
tive star formation histories from these models and their 
uncertainties are shown in Figure [S] The main features 
of the main sequence, main sequence turnoff and upper 
red giant branches are generally well fit. We note minor 
discrepancies between the model and data, particularly 
near the bright end of the youngest main sequence turnoff 
in NGC 147. This population represents ^ 1% of the to¬ 
tal stellar mass and may be due to our assumption of 
solar alpha-abundance ratios or some other unaccounted 
for systematic. The cumulative SFHs of NGC 147 and 
NGC 185 required to achieve the overall agreement are 
significantly different from each other and are consistent 
with the general conclusion from S IS.II that NGC 185 
hosts a much older stellar population as compared to 
NGC 147. 

In NGC 147, less than half of stars (40%) were in place 
12.5Gyrs ago (z ^ 5), with the bulk of the remaining 
population forming between 5 to 7 Gyrs. Star formation 
in this ACS field appears to have been quenched roughly 
5 Gyrs ago. This agrees with SFHs determined from shal¬ 


lower ff6'r/ WFPC2 data from the more central regions 
of NGC 147 (|Weisz et al.ll20l3l . There are no metallic- 
ity gradients observed in this galaxy (iVargas et al.ll20lS 
iCrnoievic et al.l[2014ll . suggesting that the inferred SFH 
in this A CS field may be r eprese ntative of the galaxy as 
a whole. ICrnoievic et al.l (1201411 has recently uncovered 
isophotal twisting at large radius due to the emergence of 
symmetric tidal tails in NGC 147. Our ACS field is well 
inside the radius at which these tidal effects are visibly 
observed. 

The NGC 185 field, in contrast, formed 70% of stars 
prior to 12.5 Gyrs ago, with the majority of the remain¬ 
ing population forming between 8 to 10 Gyrs ago. Given 
NGC 185’s lower measured spectroscopic metallicity, an 
older age for NGC 185 relative to NGC 147 is in agree¬ 
ment with expectat ions from sim ple models of chemi¬ 
cal evolution (e.g., iTinslevI Il979ll . We note that the 
spectroscopic metallicities are not used as part of the 
fitting method. The presence of the smaller interme¬ 
diate age (8-10 Gyr) population is independently con- 
firmed by AGB carbon st ars present in the ACS field 
(|Battinelli fc DemersI l200ll . A radial gradient in both 
carbon stars and overall stellar metallicity is observe d 
in NGC 185 (IVargas et al.l 120ll: ICrnoievid et all 1201411 . 
which suggests that NGC 185 has experienced little to 
no radial mixing. The star formation in the ACS field, 
which lies at 2.3 effective radius from the galaxy center 
(6.7' or 1.2 kp c), is among the ol dest of any Local Group 
dwarf galaxy (|Weisz et al.ll20l3) . This is in contrast to 
the inner 200 pc of NGC 185 which shows evidence for 
very recent star formation as young as lOOMyrs ago. 

4. FORMATION HISTORY OF NGC147 VERSUS NGC 185 

Based on the star formation histories above, NGC 147 
and NGC 185 built up their present-day stellar mass over 
very different timescales. A key question is whether these 
galaxies had different formation histories prior to falling 
into the M31 environment, or if their early histories were 
similar, but each fell into the M31 potential at very dif¬ 
ferent times. Below we argue that a different infall time 
into M31 is the most plausible explanation for these dif- 
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ferent SFHs. 

NGC147 and NGG 185 lie very close on the sky (58') 
and have been interpreted either as a bound galaxy 
pair or a single gro up that fell together into M31 
(Ivan den BerghI [199811 . Kinematic evidence marginally 

suggests th at _ th ese are not gravit ationally bound 

(iGeha et alJ l2010t iWatkins et ali 2M^ . Our star for¬ 
mation histories, combined with the presence of a tidal 
tail in NGG 147 (and the lack thereof in NGG 185) sug¬ 
gest that these two dE galaxies are independent of each 
other and that their current proximity is likely a chance 
projection. While current data only support this conclu¬ 
sion indirectly, future proper motion measurements can 
definitively determine whether or not these two systems 
have different orbital histories. 

An outstanding issue in comparing NGG 147 to NGG 
185 is the difference in gas and dust content. NGG 
185 contains some gas and dust (Mgas = 3 x lO^Mgun, 
Afniist, = 5 X lO^M siin, De Looze et al. in prep., 
iMarleau et al.l (|201Clll l. consistent with recycling from 
older stars. NGG 147 co ntains no det e cted g as nor dust 
(Mgas < 3 X lO^Msun, lYoung fc Q (|1997[i : Mdust < 
i28Msun, De Looze et al. in prep.). The lack of gas/dust 
in NGG 1 47 has been refe rred to as the ’missing ISM 
problem’ (iSage et al.lll998ll . We hypothesize that NGG 
147 has had stronger interactions with M 31 as compared 
to NGG 185 due to an orbit which bring it deeper into 
the M31 potential, stripping gas/dust and creating its 
observed tidal tails. On the other hand, we suggest that 
the orbit of NGG 185 has a larger comparable orbital 
pericenter, allowing it to maintain a small gas reservoir 
at its center. We interpret the very recent star forma¬ 
tion confined to the central 200 pc of NGG 185 as hav¬ 
ing fo rmed from this recycled material (jGoncalves et al.l 
l2012t) . which was perhaps triggered during a recent pas¬ 
sage through pericenter. 

From Figureini we concluded that neither the NGG 147 
nor NGG 185 field have had a significant star formation 
event in several gigayears (we do not consider the above 
100Myr central burst in NGG 185 significant). If we 
assume that star formation is instantaneously quenched 
once a satellite passes the M31 virial radius, we con¬ 
clude infall times of 5 and 8Gyrs for NGG 147 and 
NGG 185 respectively. We define ’quenched’ as having 
90% of stars in place, choosing this value (rather than 
100 %) due to ambiguity with blue straggler stars which 
are not accounted for in the models. If there is a delay 
time between infa ll and star formation quenching (e.g., 
IWetzel et al.ll2013ll , then these times could be much ear¬ 
lier. Because the majority of stellar mass in NGG 185 
was in place earlier than NGG 147, we conclude an earlier 


infall epoch for this galaxy regardless of the quenching 
timescale. 

Finally, we compare the cumulative SFHs of NGG 147 
and NGG 185 to other dw arf galaxy satellites around the 
Milky Way and M31 from lWeisz et al.l (j2014fl . NGG 147 
is typical of other luminous Local Group satellites, with 
evidence for a mixture of both old (12 Gyr) and more in¬ 
termediate age stars. On the other hand, our NGG 185 
field is more typical of the predominately old populations 
seen in much lower stellar mass systems such as Sextans 
and Draco. In these lower mass systems, star forma¬ 
tion is assumed to have been suppressed due to reioniza¬ 
tion. However, NGG 185 has a factor of 100 more stellar 
mass than these systems and unlikely to be affected to 
this extent by reionization. Instead this may be further 
evidence for NGG 185’s early infall time into the M31 
environment. 

5. CONCLUSIONS 

We present deep HST AGS photometry of the M31 dE 
satellite galaxies NGG 147 and NGG 185. These data 
are the first to reach below the main sequence turnoff 
in a dE galaxy and allow us to unambiguously determine 
their star formation histories. We find a much older pop¬ 
ulation in the dE galaxy NGG 185 as compared to NGG 
147: while 70% of stars were already formed in NGG 185 
before 12.5 Gyrs, only 40% of the present day stellar pop¬ 
ulation had formed in NGG 147. We broadly interpret 
these results to imply an earlier infall time into the M31 
environment for NGG 185 versus NGG 147. We further 
suggest that the orbit of NGG 185 has a larger pericenter 
as compared to NGG 147, allowing it to preserve radial 
age/metallicity gradients and maintain a small central 
reservoir of recycled gas. These conclusions could be con¬ 
firmed via future proper motion measurements of these 
two systems to determine their 3D orbits around M31. 
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TABLE 1 

HST ACS Observations 


Row 

Quantity 

Units 

NGC 147 

NGC 185 

(1) 

RA 

h:m:s 

00:33:12.1 

00:38:58.0 

(2) 

DEC 

o . / . // 

+48:30:31 

+48:20:15 

(3) 

E(B-V) 

mag 

0.161 

0.195 

(4) 

(M-m)o 


24.30 + 0.05 

24.02 + 0.08 

(5) 

Dist 

kpc 

724 ± 27 

636 + 26 

(6) 

Mv,o 

mag 

-16.5 + 0.04 

-15.5 + 0.04 

(7) 

ref! 

f 

6.7 + 0.09 

2.94 + 0.04 

(8) 

TefI 

kpc 

1.41 + 0.02 

0.53 + 0.01 

(9) 

fFe/Hl 

dex 

-0.5+ 0.1 

-0.9+ 0.1 

-[Tor 

HAhst/ACS 

h:m:s 

00:32:51.0 

00:39:10.5 

(11) 

DEChst/ACS 

o . / . // 

+48:22:39.8 

+48:26:35.9 

(12) 

texp,F606W 

hrs 

10.65 

12.2 

(13) 

texp,F814W 

hrs 

7.54 

9.84 

(14) 

Ystars 


277,949 

197,634 


g -(3) are taken from NED for the galaxy cen- 
±' ' ■ .. 


Note. — Columns _ _ _ 

ter. Columns (3) from f^hlegel et al ]| [T9^ ; column (4)-(5) are deter- 
mine d from our photometry as discussed in ^ 12.21 Columns (6) - (8) ar e 
from [Crnojevic et al.| l |2014h : column (9) from iVargas et al.| | |2014|) . 
The last five columns are specific to the HST/ACS data presented 
here. 
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